Chloroplast NAD(P)H dehydrogenase-like complex (NDH) plays a crucial role in the protection of plants against oxidative stress. In higher plants, NDH interacts with Photosystem I (PSI) to form an NDH-PSI supercomplex. However, the chloroplast supercomplex with NADPH oxidation activity remains to be identified. Here, we reported the identification of a supercomplex of NDH with NADPH-nitroblue tetrazolium oxidoreductase activity in the chloroplast of rice panicle. The active supercomplex from the panicle chloroplast contained higher amounts of the NDH subunits (NdhH, NdhK, and NdhA) than that from the flag leaf chloroplast. The highly active supercomplex might underlie the high activity of the NADPH-dependent NDH pathway and the larger proton gradient across thylakoid membranes via cyclic electron flow around PSI, as well as the higher maximal photochemical efficiency of Photosystem II at the flowering to grain-filling stage. The supercomplex is suggested to be essential for the high efficiency of photosynthesis and play a protective role in the grain formation in rice plant.
Introduction
Photosynthesis of green plants operates with two photosystems (Photosystem I, PSI, and Photosystem II, PSII). Light energy absorbed by antenna pigments is transferred to the photosystem reaction centers and then converted to assimilative power (ATP and NADPH) via a series of electron transporters. Photosynthetic electron transport is comprised of noncyclic electron transport from water to NADP þ , cyclic electron transport (CET) around PSI from reduced ferredoxin (Fd) or NADPH recycling to plastoquinone (PQ) or the cytochrome b6f complex, and a number of O 2 -consuming alternative pathways. Two pathways of CET have been identified. One depends on PGR5 (proton gradient regulation 5)/PGRL1 (PGR5-like photosynthetic phenotype 1) [1, 2] and the other depends on NDH (NADPH dehydrogenase complex) [3] [4] [5] [6] .
Chloroplast NDH consists of 15 subunits (NdhA-NdhO) at least, among those, NdhA-NdhK are plastid-encoded and others (NdhL-NdhO) are nuclear-encoded [7] . However, three subunits of Complex I (NuoE, NuoF, and NuoG) involved in accepting electrons from NADH in Escherichia coli are missing from cyanobacterial and chloroplast NDH [8] . In contrast to the crystal structure of Complex I [9] , NDH from cyanobacteria is speculated to possess an oxygenic photosynthesis-specific (OPS) domain comprised of NdhL-NdhO [10] . In a previous study, it was found that NADPH but not NADH donates electrons to PQ pool via NDH [4] . In addition, an in vitro reconstitution of NADPHand Fd-dependent CET has been achieved [4, 11] . Since then, several NADPH-active NDHs have been identified in cyanobacteria using activity staining for NADPH-NBT oxidoreductase combined with western blot analysis [12] [13] [14] . An NDH complex of 550 kDa was identified in chloroplasts of tobacco which catalyzed the reduction of PQ and also acted as a respiratory complex [5] . Moreover, a hydrophilic part of NDH complex containing three nuclear-encoded subunits (NdhM, NdhN, and NdhO) has been purified from a plastid transformed tobacco chloroplasts via the His-tag fused to NdhH, which showed a high and specific NADH : ferricyanide oxidoreductase activity [15] . The first NDH supercomplex of 1000-1100 kDa was identified in maize chloroplasts, as a dimer form of NDH and its monomer would split into a 300-kDa membrane subcomplex and a 250-kDa subcomplex [16] . A previous report on the genetic characterization of Arabidopsis thaliana mutants lacking NDH subunits showed that the chloroplast NDH complex is composed of five subcomplexes, including the A, B, membrane, lumen, and electron donor-binding subcomplexes [17] . It is considered that the chloroplast NDH interacts with at least two copies of PSI to form the NDH-PSI supercomplex, which is required for the stabilization of NDH, especially under strong light conditions. However, the supercomplex did not show the activity of NADPH oxidation [17] [18] [19] . Recent studies have demonstrated that a small subunit NdhS is responsible for the interaction of NDH with ferredoxin (Fd) in Arabidopsis [20] and cyanobacterium Synechocystis PCC 6803 [21] , suggesting the donation of electron to NDH from reduced Fd. So far, the activity and the physiological significance of the supercomplex of NDH in higher plants still remain to be clarified.
Here, we reported that the CET and its coupled proton gradient across thylakoid membranes, as well as the maximal photochemical efficiency of PSII, were remarkably high in the panicle at the flowering to grain-filling stage. We identified a supercomplex of NDH specifically oxidized NADPH in the chloroplast from both of the panicle and the flag leaf. The activity of the supercomplex and the amounts of NDH subunits in it were significantly higher in the panicle chloroplast. Our results suggest that the highly active NDH pathway might be required for high efficiency of photosynthesis or protective role for grain formation in rice plant.
Materials and Methods
Isolation of chloroplast Oryza sativa (Zhonghua) was cultured in pots outdoor. Intact chloroplasts were isolated from freshly harvested flag leaves or panicles with a method described previously [22] .
Preparation of thylakoid membranes
Thylakoid membranes were prepared according to the reported method [22] with some modifications. Briefly, rice leaves were homogenized in the ice-cold the medium containing 0.4 M sucrose, 10 mM NaCl, and 50 mM Tris -HCl ( pH 7.6) (STN). The homogenate was centrifuged at 200 g for 5 min at 48C, and then the supernatant was centrifuged at 6000 g for 10 min at 48C. The pellet was washed twice with STN medium, re-suspended in STN medium, and stored at 2708C until use. Chlorophyll content was determined according to Porra et al. [23] .
Native PAGE, activity staining, SDS -PAGE, and immunoblot analysis Equal amounts of proteins were loaded on a 4%-10% gradient native-polyacrylamide gel electrophoresis (PAGE) at 08C with a low constant current of 2.5 mA. The NADPH-specific enzyme activity of the gel was measured as described previously [14] . After the native-PAGE, gels were incubated in 20 mM Tris-HCl (pH 7.5) containing 0.1% (w/v) nitroblue tetrazolium (NBT) for 20 min, and then supplemented with 1 mM NAD(P)H in the dark at room temperature to stain the activity of NAD(P)H-NBT oxidoreductase.
After native-PAGE, the gels corresponding to the supercomplex band staining of NADPH-NBT were cut out and the proteins in gels were extracted with the solubilizing buffer containing 20 mM Tris -HCl ( pH 7.5) and 1% SDS. After shaking at 100 rpm at 308C overnight, total proteins were precipitated with 80% cold acetone. The precipitates were dried and re-suspended in Tris-HCl buffer ( pH 7.5). The extracted proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a 12% polyacrylamide gel according to Laemmli [24] . Western blot analysis was performed with an ECL assay kit (GE Healthcare, Wisconsin, USA) according to the manufacturer's protocol. The antibodies against NdhH, NdhK, of Synechocystis 6803 and ferredoxin NADP þ oxidoreductase (FNR) of spinach were raised in our laboratory [14] . NdhA antibody was a gift from Prof. K Asada in Kyoto University (Kyoto, Japan).
Light-dependent activity of NADPH oxidation assay Light-dependent NADPH oxidation was performed by a method described previously [13] . The thylakoid membranes (5 mg Chl in a total volume of 3 ml) were incubated with Medium A supplemented with 10 mM N-(3,4-dichlorophenyl)-N',N'-dimethylurea (DCMU), 0.25 mM NaN 3 , 0.1 mM KCN, and 0.2% (v/v) Triton X-100. Reaction mixtures were pre-illuminated with actinic light (.660 nm, 200 mE m 22 s
21
) for 2 min to activate NDH, and then 100 mM NADPH was added. The rate of NADPH oxidation was visualized as a decrease in 340 nm absorbance measured by a spectrophotometer (UV-3000; Shimadzu, Tokyo, Japan) after the application of actinic light at 258C. The absorption coefficient of 6.22 mM 21 cm 21 for NADPH was used for the calculation of the NADPH oxidation activity. 
Active supercomplex of NDH in rice panicle
The initial reduction rate (0-1 s) of P700 þ was estimated, as described by Klughammer and Schreiber [26] . The kinetics of Chl fluorescence and the redox state change of P700 were measured at 288C.
Measurements of the fluorescence of 9-aminoacridine Fluorescence of 9-aminoacridine (9-AA) at 460 nm was measured using the PAM chlorophyll fluorometer (Walz), attached with an US-370 emitter with an emission peak at Active supercomplex of NDH in rice panicle 375 nm and a PM-101/D detector as described previously [27] . Intact chloroplasts (20 mg Chl) were suspended in 2 ml reaction medium containing 0.4 M sucrose, 50 mM Tris-HCl (pH 7.6), 10 mM NaCl, 5 mM MgCl 2 , and 20 mM 9-AA. The quenching of 9-AA fluorescence was induced by 2 min illumination of red actinic light (170 mmol photons m 22 s
21
). DCMU at a low concentration (0.2 mM, final) was added to stimulate the proton gradient via CET. Uncoupler nigericin (50 nM, final) was used to eliminate the proton gradient across thylakoid membranes. Ionophore valinomycin (100 mM, final) was used to eliminate the membrane potential via K þ in the presence of KCl (5 mM, final).
Results
Highly active CET in the panicle Rice panicles are green from heading to grain-filling stage.
In order to investigate the properties of photosynthesis in the panicle, we first measured the CET activity by monitoring the transient post-illumination increase in Chl fluorescence (Fig. 1A) , which is thought to arise from the reduction of PQ by NAD(P)H or other reducing substances accumulated under light. We compared the relative rate of the postillumination increase in Chl fluorescence (RFp) between the flag leaf and the panicle in different stages of late growth. As shown in Fig. 1 , the post-illumination increase in Chl fluorescence was observed in both the flag leaf and the panicle and it was much faster in the panicle than that in the flag leaf during the generative stage (Fig. 1B) , especially at the flowering to grain-filling stage ( 2-fold faster in the panicle) (Fig. 1C) . To confirm the above results, we checked the initial reduction rate of P700 þ after turning off the FR light which also reflects the CET activity [3, 28] in the panicle and the flag leaf on the 24-26th day after heading (flowering and grain-filling stage). Typical redox kinetics P700 is shown in Fig. 2A . The oxidation of P700 was induced by FR light and the dark reduction of P700 þ was observed after termination of FR, which reflects the donation of electron to P700 þ via PQ pool from the photoreductants generated in PS I with NADPH as the intermediate [3, 10] . The initial rate of the P700 þ reduction was faster by 2 folds in the panicle than that in the flag leaf (Fig. 2) . The result indicates that CET is highly active in the panicle at the flowering and grain-filling stage.
Identification of an active supercomplex of NDH in the panicle chloroplast Since CET was mainly mediated by NDH (NDH pathway) in cyanobacteria [4] and in high plants [5, 6, 29] , we checked whether NDH is involved in the active CET in the panicle by analyzing the amount and the activity of NDH in the chloroplast of panicle and flag leaf at the flowering and grain-filling stage. After separating the thylakoid membranes by native-PAGE and staining with NADPH-NBT, an NADPH-specific, NADPH-NBT oxidoreductase activity band of a molecular size of 1000 kDa was detected in both the flag leaf and the panicle (Fig. 3A) , and it was much more evident in the panicle chloroplast. To confirm the high molecular active complex is NDH complex, we isolated the activity band for immunoblot analysis. Western blot analysis detected the presence of NdhH, -K, and -A in this band and the amounts of these subunits were 3-fold higher in the panicle than in the flag leaf (Fig. 3B) . These results suggested that this band is a supercomplex of NDH and the amount of the supercomplex is higher in the panicle.
Higher activity of a NADPH-specific NDH in the chloroplast from the panicle The activity of NDH was also analyzed by the oxidation of NADPH driven by PSI, which reflects the NDH pathway [30, 31] . We compared the NDH activity in the thylakoid membranes between the panicle and the flag leaf at the flowering and the grain-filling stage. Figure 4A shows that the oxidation activity of NADPH, but not NADH driven by PSI was significantly high in the panicle chloroplast. The oxidation activity of NADPH in the panicle was nearly 4-fold The antibodies raised against the NDH hydrophobic subunits (NdhA) and hydrophilic subunits (NdhH and NdhK) were used for detecting the NDH subunits. Each experiment was repeated three times.
Active supercomplex of NDH in rice panicle higher than that in the flag leaf (Fig. 4B) . Moreover, the activity for oxidation of NADPH driven by PS I was obviously inhibited by rotenone, a specific inhibitor of mitochondrial NDH-1, maximally by 70%-80% (Fig. 4C) . The results indicated that NDH is involved in the electron transport from NADPH to PQ, namely NDH pathway.
Evident transmembrane proton gradient via CET in the panicle chloroplast
Given that the quenching of 9-AA fluorescence mainly reflected the light-induced proton uptake across the membrane, DpH [32] [33] [34] , we use it to analyze the capacity of the DpH via CET in both the intact chloroplasts from the panicle and the flag leaf at the flowering and grain-filling stage. Figure 5 shows the 9-AA fluorescence quenched upon turning on the actinic light. The quenching was further stimulated when a low concentration (0.2 mM) DCMU was added to partly block the linear electron transfer from PSII, reflecting that the further proton gradient was built via CET [34] . To confirm the contribution of light-dependent 9-AA fluorescence quenching to the DpH, we checked the effect of uncoupler nigericin which eliminates proton gradient across thylakoid membranes and ionophore valinomycin which eliminates the K þ -dependent membrane potential on the kinetics. As shown in Fig. 5B , the light-dependent 9-AA fluorescence quenching was partly suppressed by valinomycin in the presence of K þ (Fig. 5B, b) and largely by nigericin (Fig. 5B, c) , confirming that lightdependent 9-AA fluorescence quenching mainly reflect the DpH under our experimental conditions. The light-dependent DpH formation (the quenching of 9-AA fluorescence in the presence of valinomycin and K þ ) was nearly 3-fold larger in the presence of DCMU in the chloroplast from the panicle than that from the flag leaf (Fig. 5B, b) . This result implies that CET (mainly NDH pathway) in the panicle evidently contributes to the formation of trans-thylakoid proton gradient.
Higher maximum photochemical quantum yield of PSII at the flowering and grain-filling stage It has been reported that the NDH-pathway functions in photoprotection [22, 35] . In order to check whether the highly active NDH pathway plays this role in the panicle, we compared the chlorophyll fluorescence parameter F v /F m , Active supercomplex of NDH in rice panicle which reflects the maximum photochemical quantum yield of PSII [36] , between the panicle and the flag leaf during heading to grain formation stages. By comparison with the flag leaf, the value of F v /F m in the panicle was higher from the 4th to the 24th day after heading (heading and flowering stage), but kept at the same level on the first day of heading and after 30 days of heading (grain formation and maturing stage) (Fig. 6) . The result indicates that the photosynthetic efficiency is higher in the panicle during the flowering and early grain-filling stage.
Discussion
In cyanobacterium Synechocystis PCC 6803, a supercomplex of NDH with a molecular weight of 1000 kDa specially oxidized NADPH is related to CET [14] and is found to be proportional to CET [37] . In higher plants, the chloroplast NDH interacts with at least two copies of PSI to form the NDH-PSI supercomplex, which is required for the stabilization of NDH, especially under strong light conditions. However, this supercomplex did not show the activity of NADPH oxidation [17] [18] [19] . Recently, the NdhS defective mutants in Arabidopsis thaliana [20] and in Synechocystis 6803 [21] both showed inactivation of the NDH pathway. Based on the structure similarity of NdhS with PsaE, it is inferred that NdhS is the binding site for Fd, a possible electron donor for NDH. Recently, transgenic plants with sitedirected mutation of NdhS demonstrated that the positive charge of arginine 193 in the SH3-like domain of NdhS is critical for electrostatic interaction with Fd in vivo [38] . As the substrate of FNR, Fd would also bind with FNR to catalyze Active supercomplex of NDH in rice panicle the electron transfer from NADPH to PQ via NDH. Our study showed that the activity of NDH pathway was comparably low in the leaf before the heading stage (Fig. 1C) , but gradually increased during the heading to grain-filling stage and much more evident in the panicle chloroplast (Fig. 3A) . The high activity of NADPH oxidation by NDH corresponds to the higher amounts of NDH subunits in the active supercomplex band (Fig. 3B) . The NADPH oxidation activity of the supercomplex in the panicle might be originated from the FNR which would interact with NdhS via Fd. Actually, Fd and FNR were co-eluted with an active cyanobacterial NDH [39] , suggesting the interaction of Fd with cyanobacteria NDH and donation of electron from NADPH to NDH via FNR. Previous studies suggested that CET plays an important role in providing ATP for carbon assimilation [40, 41] . In the past decade, studies of mutants defective in both NDH-and PGR5 pathways have indicated that CET is required for the efficient photosynthesis [1] . Actually, ATP supply could not always satisfy the demand of the plant during the later grainfilling stage [42] . Thus, enhancement of CET by low concentration of NaHSO 3 treatment enables plants to generate sufficient proton gradient across the thylakoid membrane in this stage [43, 44] . From the result of native-PAGE (Fig. 3A) , it seems that the amount of PSI-PSII complex was less in the panicle chloroplast. We therefore compared the total amount of several photosynthetic proteins between the panicle and the flag leaf. The results showed that the amount of D1, cytochrome 6, cytochrome f, ATPG, FNR was less in the panicle chloroplast than that in the flag leaf chloroplast ( Supplementary Fig. S1 ). However, the amount of PasE and NdhH was almost the same in both the chloroplasts. These results indicated that the organization of the thylakoid membranes in the panicle is different from that in the flag leaf. Namely, the ratio of PSI to PSII is higher in the panicle chloroplast. The higher activity of CET (Figs. 1, 2) with the corresponding higher amount of the active supercomplex of NDH in the panicle thylakoid membrane (Figs. 3, 4) might be related to the higher ratio of PSI to PSII ( Supplementary  Fig. S1 ). Since the amount of PGRL1 involved in the PGR5/ PGRL1 CET pathway was also less in the panicle chloroplast ( Supplementary Fig. S1 ), the CET activity in the panicle might be mainly contributed by the NDH pathway. The higher CET would help the rice produce more proton gradient across the thylakoid membrane (Fig. 5) , thus to supply sufficient ATP for regulating function in photosynthesis. Consequently, rice showed superior photosynthesis capacity (Fig. 6) , especially in the grain-filling stage [45] .
Under optimum conditions, the contribution of CET to photosynthesis is usually small [46] . However, under stressed conditions, such as strong light stress [35] , water stress [47] , and high temperature stress [48] , the NDH pathway would become evident. Thus, the NDH complex appears to function in the acclimation to environmental stresses [49] . Blossom is an energy-cost process and sensitive to various environmental conditions, such as temperature. The highly active NDH pathway in the panicle at the flowering and the grain-filling stage (Fig. 1) implied that the supply of ATP or dissipation of excessive energy through the NDH pathway was specifically necessary at this stage. The physiological significance of the NDH pathway during the special stage of Oryza sativa is worth further investigation.
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